This paper presents continuous field experiments carried out during 4 years in a man-entry egg-shaped combined sewer in Lyon, France in order to contribute to the knowledge and the modelling of sediment accumulation and sediment removal by means of a Hydrass flushing gate. The 250 mm sediments are mainly mineral, and their physical and chemical characteristics appear as rather stable in time and space. Long-term sediment monitoring reveals: i) a regular asymptotic increase of both the sediment mass and the slope of its longitudinal profile, ii) a clear correlation between local sediment profile irregularities and sewer ancillaries but without significant influence on the global and long term accumulation. Simple sediment accumulation modelling shows: i) a good suitability of a three parameters conceptual model to reproduce asymptotic sediment volume accumulation, and ii) a good suitability of the Velikanov model to reproduce sediment profiles. Both models reproduce observations with an acceptable margin of uncertainty for operational management purposes but are very sensitive to input data and parameter values. The Hydrass flushing gate is efficient and it appeared that the mass of sediments moves downstream linearly with the number of flushes.
Introduction
Sewer solids and sediments are the source of numerous problems in sewer systems (Ashley et al., 2004) , but only few long term studies on real sewer sediment accumulation and on their flushing have been carried out. In order to contribute to a better knowledge of these phenomena, a research programme has been carried out in Lyon, France in 2000 -2004 in collaboration with the Great Lyon Sewer Department. This paper deals with two of its main objectives: i) long term monitoring and modelling of the sediment accumulation in a man-entry sewer; ii) experiments on sediment scouring by means of a Hydrass flushing gate.
Site and methods

Site description
The experimental site is a man-entry 1.8 m height and 400 m long egg-shaped combined sewer reach located in the densely urbanised centre of Lyon, in Lacassagne avenue. The mean invert slope is very flat (0.0002 m/m) but with many elements showing negative slopes (Figure 3) . dramatically in the experimental reach because of some independent modification of the flow distribution in the upstream looped sewer system.
Measurement of sediment accumulation
Since the initial sewer cleansing carried out on 6 June 2000, sediment accumulation has been measured manually every week with a space step of 5 m. The sediment depth along the sewer reach was measured by means of a graduated metal measuring rod, with an uncertainty of approximately 1 -2 cm. About 65 data series have been collected during the 36 months long monitoring period (from 06/06/2000 to 24/05/2003).
Measurement of sediment characteristics
Cryogenic sediment samples have been taken periodically to measure grain size distribution, water content, TOC (total organic carbon) concentration and organic fraction. All analyses have been made by an external certified laboratory, according to standard protocols. In order to sample sediments by keeping their in situ structure, a hollow tube inserted manually in the deposit was filled with carbonic ice. Ethanol was then added in order to homogenize the temperature. After 15 -20 minutes, a large amount of sediment was frozen all around the tube which was removed. Samples were then preserved in plastic bags. This protocol is similar to the one previously applied e.g. by Artières (1987) or Laplace (1991) .
Measurement of sediment flushing
After 36 months of sediment accumulation, a Hydrass flushing gate has been installed in the Lacassagne sewer to scour the sediments. The water transported in the pipe is stored behind the gate (storage phase) until the water level reaches a value that leads to the quasi instantaneous rotation and opening of the gate. This rotation is due to the change of the momentum depending on the upstream water level. At that moment, the gate is opened and the stored volume is rapidly discharged, which creates a flush (flushing phase). Figure 1 and Figure 2 show the operation of the "green" type Hydrass gate used in the Great Lyon. Before its installation in the Lacassagne sewer, the Hydrass gate was installed in a another similar sewer without sediments in the Pompidou avenue, in order to analyse its functioning and to derive a set of equations describing its hydraulic behaviour (see Bertrand-Krajewski et al., 2003 for more information). In the Lacassagne sewer, the gate tipped about every 2 minutes under dry weather conditions with a flushing duration of about 30 seconds. This abnormally high frequency and low volume were due to an artificial small storage volume created to avoid the filling of the huge volume corresponding to the looped upstream sewer system. The movement of the sediments in the sewer in relation with the flushes was monitored by periodic measurements of sediment depths along the sewer by means of the measuring rod.
Results and discussion
Dry weather flow rate
The mean dry weather flow rate in the Lacassagne sewer is approximately 40 L/s, with a mean water depth of 30 cm and a mean flow velocity of 0.2 m/s. The 2 minutes time step data have been used to establish a "standard" dry weather daily flow pattern by means of Fourier series which have been used for modelling purposes.
Physical and chemical sediment characteristics
The mean density of the sediments is ranging between 1.75 and 1.85 (with a standard deviation equal to 0.1), which correspond to usual literature values. The organic fraction is varying between 4% and 6%. The TOC concentration is ranging from 2 to 6 g C/g dry sediment. Although the network is a combined sewer, sediments appear mainly mineral. All characteristics (organic fraction, COT concentration, water content, grain size distribution, density) appeared as rather stable in time and space (Bardin et al., 2005) .
Evolution of the sediment profile
The sediment profile after 24 months of accumulation is shown on Figure 3 . A regular increase (not shown here) of both sediment volume and mass was observed. It led to an increasing mean bottom slope, which confirms the previous observations of Laplace (1991) in Marseille, but in another context: in Lyon, the sediments are finer than in Marseille (the median diameters are respectively 250 mm and 2500 mm). The mean bottom slope increases progressively and tends towards an asymptotic value (Figure 4 ). This tendency can either mean that the energy of the flow is sufficient to further transport the particles or that a balance exists between erosion and settling processes.
Relation between sediment profile irregularities and sewer ancillaries
All sediment profile irregularities (troughs and bumps) are correlated with sewer elements like street inlets, lateral connections, house connections, etc. On Figure 5 , one can observe i) how local sediment depth is disturbed by manholes and house connections, and ii) that this local disturbance is apparently erratic and do not reflects the global long term accumulation trend. These local elements have strong local effects on the sediment profile, but do not affect the general trend which is related to the solids inputs and the hydraulic regime.
Sediment flushing
The number of flushes and the movement of the sediment layer have been monitored on the long term. The flushing gate is efficient, with a progressive movement of the volume of sediments towards the downstream extremity of the reach, as shown on Figure 6 . However, the total volume of sediment remains in the sewer during this phase. The movement of the Figure 7 shows that the geometrical centre of gravity of the sediment layer is pushed downstream linearly with the number of flushes (more than 12000 flushes have been recorded).
Accumulation modelling
Based on the above sediment accumulation data, attempts have been made to simulate the sediment accumulation and the evolution of the sediment profile with various modelling approaches. In this paper, only two simple approaches are presented: i) an empirical simple conceptual model and ii) an application of the Velikanov model for sediment transport.
Empirical conceptual model
A three parameters conceptual asymptotic model has been calibrated with the measurements of the sediment volume. The model, already used for dry weather sediment accumulation in a small combined sewer system (Bertrand-Krajewski, 1992), is written:
with V(t) the volume of sediments accumulated at time t (m 3 ), t time (days), V max maximum volume of sediments (m 3 ), k accumulation parameter (day 21 ) and t o time at which V ¼ 0. Two calibrations have been carried out (Figure 8) The first calibration leads to a maximum accumulated sediment volume of about 12.5 m 3 likely to be almost reached at the end of approximately 1800 -2000 days. However, after June 2002, hydraulic conditions changed: there were less inflows and sediment inputs in the sewer and the above maximum value could not be reached, as it was observed. The second calibration with the full data set accounts for the changes in hydraulic conditions and gives a maximum accumulation volume of 11.5 m 3 that is almost reached after 1100 days. Such a simple conceptual model of course does not explain physically the phenomena but, once calibrated, may be used by the sewer operator to establish a sewer cleansing strategy. Nevertheless, a minimum of 1 year of data was necessary in this case to reach an acceptable calibration, i.e. a volume after 2 years predicted with an uncertainty of approximately^20%.
Application of the Velikanov model
The Velikanov model (Velikanov, 1954) has been initially developed to calculate suspended solid transport rates in rivers. It has already been applied to model suspended solids pollutographs in sewer systems during storm events (e.g. Combes, 1982; Bujon, Figure 9 Comparison of measured and calculated sediment volumes 1988; Zug et al., 1998) . But it is used here in a different way, in order to simulate the sediment accumulation and the sediment profile. The Velikanov model allows comparing the input concentration C (g/L) to two limit concentrations C min and C max given by:
with C min and C max the Velikanov limit concentrations (g/L), h min and h max the efficiency coefficients (to be calibrated), r s the density of the solids (kg/m 3 ), r m the density of the mixture solids þ water (kg/m 3 ), U the mean velocity of the flow (m/s), J the energy grade line slope (m/m) and w the settling velocity of the solids (m/s). If C is less than C min then sediments (if available) will be eroded until C ¼ C min . If C is greater than C max then solids will settle until C ¼ C max . If C ranges between C min Figure 10 Simulated and observed sediment profiles at three different dates and C max there is only transport at concentration C without sedimentation nor erosion processes. The model has been calibrated (minimizing the sum of the residues between measured and calculated sediment profiles) with three sediment profiles measured along the first two hundred meters of the sewer on 03/10/2000, 09/10/2001 and 04/06/ 2002. Input concentration and efficiency coefficients have then been set to C ¼ 150 mg/L, h min ¼ 1.37 £ 10 25 and h max ¼ 6.83 £ 10 25 . Based on measured data, the other variables have been set to r s ¼ 1800 kg/m 3 , r m ¼ 1000 kg/m 3 and w ¼ 8.1 m/ h, Simulations have been carried out with a 2 minutes time step and a 5 m space step for mass balance calculations during a 720 days period starting on 06/06/2000 (initial cleansing) and ending on 04/06/2002 (change in hydraulic conditions). Volume results are given on Figure 9 : the global accumulation trend is rather well simulated. Three simulated sediment profiles (which were not used for calibration) are given in Figure 10 . With increasing time, the true profile is more adequately simulated. Both sewer ancillaries (not accounted for in the model) and irregularities in the pipe invert profile create some "chaos" in the first profiles. But when time is running, more and more sediment are deposited and create a new smoother bottom profile which is better simulated. However, the influence of ancillaries remains high and better profile simulations would require a detailed description of all elements. Nevertheless, the global trend is rather well simulated here. A first sensitivity analysis (not presented here) has shown that: i) the hourly variations of both the water level and the mean flow velocity have a minor influence on the results: similar results are obtained if mean daily values are used; ii) the input concentration C and h max are the two most sensitive parameters, while h min has a minor influence. Both conceptual and Velikanov models correctly reproduce the sediment accumulation with an acceptable uncertainty for operational management purposes. However, they are very sensitive to input data and/or parameters, which is clearly a drawback for their transferability. This transferability to other sites will need further investigations in order to explore possible relationships between the models parameters and site characteristics, especially solids inputs which a priori vary a lot from one site to another and may induce dramatic effects on results.
Conclusions
The experiments in the Lacassagne sewer from 2000 to 2004 have given the following results. † The 250 mm sediments are mainly mineral, and their physical and chemical characteristics appear as rather stable in time and space. † Long-term sediment monitoring reveals: i) a regular asymptotic increase of both the sediment mass and the slope of its longitudinal profile, ii) a clear correlation between local sediment profile irregularities and sewer ancillaries but without significant influence on the global and long term general accumulation. This corroborates the previous observations made in the sewer trunk no. 13 in Marseille by Laplace (1991) . † The Hydrass flushing gate is efficient, with sediments moving downstream linearly with the number of flushes. † Simple models show: i) a good suitability of a three parameters conceptual model to reproduce asymptotic sediment volume accumulation, ii) a good suitability of the Velikanov model to reproduce sediment profiles. Both models reproduce observations with an acceptable margin of uncertainty for operational management purposes but are very sensitive to input data and parameter values.
